We explored infection patterns and temporal dynamics of the protozoan blood parasite Hepatozoon tuatarae (Apicomplexa) infecting the tuatara (Sphenodon punctatus), a protected reptile living on Stephens Island, New Zealand. In March 2006, we surveyed tuatara in five study sites to examine spatial variation in infection prevalence, and four times, from May 2005 to November 2006, we recaptured marked individuals within three study sites to examine the temporal dynamics of infection. We also examined how blood-parasite infection patterns were influenced by host sex, body size, and host infestation with ticks (Amblyomma sphenodonti) and mites (Neotrombicula spp.), which are potential vectors of the blood parasite. Infection prevalence (16.9-24% infected) and intensity (,0.01-0.1% blood cells infected) were low in all samples. Infection intensity varied among the five sampled sites in March 2006, but prevalence did not. Neither infection prevalence nor intensity varied with time, and infections were detected in consecutive samples from recaptured individuals for up to 18 mo. Neither survey showed an influence of host sex on infection, but both surveys showed infection intensity declined with increasing host body size, as did infection prevalence in the spatial survey. In the temporal survey, we found a positive relationship between the tick numbers on hosts and blood-parasite infection intensity, which were stronger in two of the sampling periods and among larger hosts. These data suggest that exposure and susceptibility to infection decreases with host size and that ticks, but not mites, are probably the vectors in this ancient host-parasite association of a long-lived (.50 yr) host.
INTRODUCTION
Protozoan blood parasites are widespread among most vertebrate taxa (Adlard and O'Donoghue, 1998 ), yet our understanding of their ecology and transmission remains limited, particularly in wildlife populations. Although blood parasites can play an important role in the evolution and ecology of their hosts (Arriero and Moller, 2008) , they can also pose a significant threat to the conservation of endangered hosts (Atkinson et al., 1995; Bunbury et al., 2007; Levin et al., 2009) . Understanding the transmission and ecology of blood parasites is essential to our understanding of their ecologic role in host populations, and in measuring their conservation threat to protected species. A fundamental step in understanding the transmission, ecology, and impact of parasites in host populations is measuring the natural levels of infection in wildlife populations and determining how infection varies within populations.
Because blood parasites are transmitted to hosts via an intermediate host or vector, patterns of infection within populations are primarily influenced by exposure to infected vectors and secondarily influenced by host immunocompetence and resistance to infection. Infection prevalence can vary with fluctuations in vector abundance, both seasonally (Bennett and Cameron, 1974) and spatially (Merila et al., 1995; Sol et al., 2000; Bajer et al., 2006) , whereas patterns of infection within exposed populations can vary with host sex, body size, and reproductive status. The level of exposure to vectors can vary between host sexes if they differ in homerange size or activity rates (Krasnov et al., 2005) . Also, males that have higher levels of testosterone, an immunosuppressive hormone, will be less resistant to infection, generating a male bias in infection patterns (Zuk and McKean, 1996) . The exposure of hosts to infected vectors can increase with host age, leading to a positive relationship between host age and infection prevalence (Allander and Bennett, 1994; Sorci, 1996; Amo et al., 2004; Salkeld and Schwarzkopf, 2005) . However, lower levels of acquired immunity can lead to higher infection intensity in younger, infected hosts (Allander and Bennett, 1994; Hudson and Dobson, 1997; Sol et al., 2003) . Thus, insights into the factors influencing the transmission of blood parasites and the levels of host immunity can be inferred from patterns of infection in natural populations.
The tuatara (Sphenodon punctatus) is the only extant species in the primitive reptilian order, Rhynchocephalia. Tuatara are infested by a host-specific tick (Amblyomma sphenodonti, Fig. 1a ; Dumbleton, 1943; Klompen et al. 2002) and two species of trombiculid mites (Neotrombicula sphenodonti and Neotrombicula naultini; Goff et al. 1987 ) and may be infected by a blood parasite, Hepatozoon tuatarae (designated as Ht throughout this article). This parasite, which was previously described as Haemogregarina tuatarae (Laird, 1950) and later changed to the genus Hepatozoon (Siddal, 1995) , is an apicomplexan blood parasite that has been recorded only from tuatara (Laird, 1950) . Tuatara host-parasite relationships are probably ancient, because the tuatara, the tuatara tick, and the blood parasite each represent a phylogenetically basal group (Miller et al. 2006; Herbert et al., 2010) . Tuatara have unique physiologic and life-history characteristics. They may live for up to 100 yr (Nelson, unpubl.) , have long generation times (40-50 yr; Allendorf and Luikart, 2007) , and have a lower metabolic rate than most reptiles (Thompson and Daugherty, 1998) . Tuatara were once widespread across mainland New Zealand, but their natural range is now restricted to 32 island populations (Gaze, 2001 ). The species is listed as ''range restricted'' with the New Zealand Department of Conservation and is legally protected (Gaze, 2001) .
A survey in 1949 of 35 tuatara on Stephens and Middle Trio islands in Cook Strait, New Zealand, found seven to be infected with Ht, with one to seven parasites (in an unspecified number of blood cells) per infected sample (Laird, 1950) . Laird (1950) described intraerythrocytic merozoites, gamonts, and intraleukocytic forms (suspected to be phagocytized parasites) of Ht from the peripheral blood of tuatara (Fig. 1b, c) . Laird (1950) could not clarify whether intraleukocytic forms were merozoites that had undergone partial gametogenesis or gametocytes that were ingested after release from disintegrated erythrocytes. Beyond this early description, the life cycle, mode of transmission, and ecology of the blood parasite are unknown. The life cycle of other Hepatozoon species involves gametogenesis and sexual reproduction in a hematophagous invertebrate (definitive) host and merogonic and gamontogonic development in a vertebrate (intermediate) host that ingests the infected invertebrate (Smith, 1996) . Meronts develop within internal organs (usually liver or lungs) of the vertebrate host and produce numerous merozoites that are released into the host blood stream and infect the erythrocytes (Smith, 1996) . Merozoites develop into gamonts inside the erythrocytes and are ingested by the hematophagous invertebrate to restart the transmission cycle (Smith, 1996) .
Although the invertebrate vector of Ht has not been confirmed, developmental stages have been identified in the tuatara tick (A. sphenodonti; Herbert et al., 2010) . Tuatara ingest ticks, as indicated by tick remains in tuatara scats (Walls, 1981) . Thus, we consider the tuatara tick as one likely vector for the Ht. The trombiculid mites (Neotrombicula spp.), which also infect tuatara, are plausible alternative vectors, although developmental stages of Ht have not been detected in mites (Herbert et al., 2010) . All life-cycle stages of tuatara ticks (larvae, nymphs, and adults) infest hosts year-round on Stephens Island, peaking in abundance between autumn (March) and early spring (September; Godfrey et al., 2008) . Tick prevalence varies spatially, from 65% of hosts infested in open shrub habitat to 100% infested hosts in closed canopy forest (Godfrey et al., 2008) . Mites are only parasitic in the larval stage and appear on hosts from January to May, with prevalence varying from 25% (open shrub habitat) to 100% (closed canopy forest; Godfrey et al., 2008) .
Our objectives were to explore the factors influencing infection of tuatara with its host-specific blood parasite, Ht, on Stephens Island, Cook Strait, New Zealand. We used data from spatial and temporal surveys to examine the influence of host sex, size, and body condition on Ht prevalence, intensity, and infection type (erythrocytic or leukocytic), and to describe the relationships among infection with the blood parasite and with its potential vectors, ectoparasitic ticks and mites.
MATERIALS AND METHODS

Field studies
Spatial survey: To explore broad, spatial variation in blood-parasite infection, in March 2006, we collected blood samples from tuatara in five study sites on Stephens Island (40u409S, 174u09E) in three habitat types: closed canopy forest (one site), open shrub (two sites), and open pasture (two sites). These habitats and sites are described in Godfrey et al. (2008) . Each site was 0.06-0.38 ha (depending on local tuatara density) and was searched for two to five nights, until approximately 20 individuals were captured from each site. For each animal, we recorded the sex of adults (distinguished using sexually dimorphic morphology: body size, shape, and crest size and shape), snout to vent length (SVL; in millimeters), weight (in grams), and the number of ticks and mites attached. We identified subadults as individuals smaller than 170 mm SVL (Cree et al., 1991) . We calculated an index of tuatara body condition using the residuals from a linear regression between log-transformed mass (in grams) and log-transformed SVL. The regression met the assumption of linearity (R 2 .0.9). We collected blood from the caudal vein and made a thin blood smear on a glass microscope slide. Slides were air-dried, stained with a modified Giemsa stain in a Hema-Tek slide stainer (Ames Company, Elkhart, Indiana, USA), and examined under 1,0003 oil immersion at a cell density of about 50 cells per microscope field. We counted the number of infected erythrocytes and leukocytes in 200 fields (about 10,000 red blood cells). If we detected no parasites, we considered the tuatara uninfected. We may have underestimated Ht prevalence because infection intensities were so low that visual searches could lead to false-negatives. (Fig. 1) . The blood samples from November 2005 were a nonrandom subset of previously infected hosts that we omitted from analyses of prevalence.
Analysis
We used each of the two data sets to explore factors that influenced the prevalence of Ht among all hosts and its infection intensity among infected hosts. Because both infection types (erythrocytic or leukocytic) were rarely detected in the same sample from a host, we also explored the factors influencing infection type among infected individuals. For data from the spatial survey, we used a generalized linear model (glm), and for data from the temporal survey, we used a generalized linear mixed model (lmer, with individuals included as a repeated effect because individual hosts were resampled) in R statistical software (R Project for Statistical Computing, Wien, Austria). Study site, sampling trip (temporal survey only), and host sex were included as fixed effects, and host size (SVL), body condition index (BC), tick number (log-transformed), and mite number (log-transformed, spatial survey only) were covariates. A binomial error distribution was used for the analysis of Ht prevalence (infected/uninfected) and infection type (presence/absence of leukocytic infection), whereas a Poisson error distribution was used in the analysis of Ht intensity. We began with a maximal model, including all main effects and two-way interactions (where model power permitted). We then reduced the model by removing nonsignificant terms until further reductions resulted in significant changes in deviance (P,0.05), tested in a likelihood ratio test (x 2 statistic for binomial error distributions, and an F test for all other models).
Because the sex of subadults could not be determined and there were too few to include as a separate category of sex (n54 in both the spatial and temporal surveys), we ran each model twice; first including subadults and without sex as a fixed effect, and second without subadults and including sex as a fixed effect. We present the analysis with all individual hosts included first and then any discrepancies that occurred when only adults were considered.
RESULTS
Spatial survey (March 2006)
Hepatozoon tuatarae was detected in the blood from 20 of 86 hosts (overall prevalence 23.25%) sampled during the spatial survey (16 males, 2 females, 2 subadults), with an average prevalence of 24% (65.4% SE) among sites (Table 1) . Prevalence did not vary significantly among the five study sites (x 2 54.63, df54, P50.326). Host body size (SVL) had a marginal effect on Ht prevalence (x 2 53.21, df51, P50.072). Infected individuals were smaller, on average, than uninfected individuals (Fig. 2) . When only adults were considered and host sex was included as a factor in the analysis, the effect of body size was significant (x 2 56.92, df51, P50.008), and there was a marginally significant interaction between host sex and body size on Ht prevalence (x 2 53.55, df51, P50.059). For males, the mean size of infected individuals was smaller than that of uninfected individuals, whereas for females, the (two) infected individuals were larger than the uninfected individuals were (Fig. 2) . There was no significant main effect of sex on Ht prevalence (x 2 52.50, df51, P50.113). Neither body condition nor tick or mite number had any significant effect on Ht prevalence in either analysis, so these terms were removed from the models.
We recorded one to eight infected cells per 10,000 red blood cells among the 20 infected hosts. Mean Ht intensity varied significantly among study sites (F 4,14 516.23, P,0.001; Fig. 3a ), but there was no pattern of association with habitat type or with the prevalence or abundance of mites or ticks within study sites (Table 1) . Hepatozoon tuatarae intensity among infected hosts decreased significantly with increasing SVL (F 1,18 52.40, P50.015; Fig. 3b ). Individual tick number, mite number, or body condition had no significant effect on Ht intensity, so these terms were removed from the model.
Both leukocytes and erythrocytes were infected by blood parasites, but both forms of infection were rarely detected in the same individual. Nine individuals had only infected erythrocytes, 10 had only infected leukocytes, and one had both forms of infection in the spatial survey. Among the infected individuals, SVL had a significant effect on the prevalence of leukocytic infections (x 2 511.47, df51, P,0.001). Individuals with infected leukocytes were larger (n511, mean SVL5 223.2610.67 SE) than were those that had only infected erythrocytes (n59, mean SVL5193.069.45 SE). Neither body condition nor tick and mite number had an FIGURE 2. Relationship between body size (snout to vent length; SVL) of tuatara (Sphenodon punctatus) and infection with Hepatozoon tuatarae (Ht) among all individuals (overall) and among adult males and females sampled on Stephens Island, New Zealand. effect on the type of infection, so those terms were removed from the model.
Temporal survey
We detected Ht in 35 of 208 (16.8%) blood samples collected in the temporal survey (this includes multiple captures of the same individuals, but excludes samples from November 2005), with an average prevalence of 16.9% (62.6% SE) among sampling trips. Eighty individuals were sampled for blood parasites on more than one occasion. Six of those individuals (7.5%) remained infected between consecutive samples, which were 6-18 mo (median512 mo) apart.
Hepatozoon tuatarae prevalence did not vary significantly among the three sampling trips (x 2 50.25, df52, P50.884). When all hosts were considered, there was a significant interaction between SVL and tick number on Ht prevalence (x 2 53.95, df51, P50.046). In small and medium-sized hosts, infected individuals had more ticks than uninfected individuals, whereas we found the opposite trend in large individuals (Fig. 4) . Tick number had a marginal effect (x 2 53.17, df51, P50.074; Fig. 4 ), but host size had no significant effect on Ht prevalence (x 2 52.01, df51, P50.155). When only adults were considered and host sex was included as an additional factor in the analysis, no effects remained significant in the minimal model exploring factors influencing Ht prevalence.
In the temporal survey, we recorded Ht intensities of 1-12 infected cells per 10,000 cells among the 44 infected samples (including samples from November 2005, which were not included in the previous analysis of prevalence). Overall, there was no effect of sample time on Ht intensity (x 2 51.32, df53, P50.722). However, when all infected hosts were considered, we found significant interactions between sample time and tick number (x 2 520.52, df53, P,0.001) and between sample time and host size (x 2 513.26, df53, P50.004) on Ht intensity. In May 2005, hosts with fewer ticks had higher Ht intensity, whereas, in the other sampling periods, hosts with fewer ticks had lower Ht intensity (Fig. 5a) . In September 2006, small hosts had lower Ht intensity, but in the other sampling periods, there was no effect of body size (Fig. 5b) .
When only adults were considered and host sex was included as a factor in the analysis, we found significant interactions between host sex and size (x 2 511.82, df51, P,0.001), host sex and tick number (x 2 57.00, df51, P50.008), and host size and tick number (x 2 53.97, df51, P50.046) on Ht intensity. Small, infected males had higher Ht intensity than larger, infected males, whereas small, infected females had lower Ht intensity (Fig. 6a) . Among infected males, those with fewer ticks had higher Ht intensity, whereas among infected females, those with fewer ticks had lower Ht intensity (Fig. 6b) . Among all infected adult hosts, small individuals showed a higher Ht intensity if they had fewer ticks, but larger individuals showed a higher Ht intensity if they had more ticks (Fig. 6c) .
We detected 29 (66%) infected samples with infected erythrocytes only, and 12 (27%) infected samples with infected leukocytes only; both erythrocytes and (Table 2) . In September and November 2006, fewer than half of the infections were of the leukocytes ( Table 2 ). The prevalence of leukocytic forms of infection varied significantly (range540-60% of , white bars), and medium to large hosts (.200 mm SVL, gray bars), (b) males and females, for hosts with a low number of ticks (less than the median number of ticks, white bars) and high tick numbers (greater than the median number of ticks, gray bars), and (c) small and medium to large hosts (Large), for hosts with a low number of ticks (white bars) and a high number of ticks (gray bars). infected individuals) among study sites (x 2 510.35, df52, P50.005). Host sex, size, body condition, and tick numbers had no significant effect on infection type, so these terms were removed from the model.
DISCUSSION
We detected a relatively low prevalence of Ht (,25%) in populations of tuatara on Stephens Island. Possibly this estimate is accurate; however, because the Ht intensities that we detected were so low, it is likely that there were undetected infections in some hosts, and our prevalence measures underestimated true prevalence. Nevertheless, we found Ht was spatially and temporally stable, with infection patterns that varied predominantly with host size and tick infestation.
Spatial and temporal variation in Ht
Although prevalence of Ht did not vary significantly among the five study sites, there was significant spatial variation in Ht intensity in the samples taken in March 2006. Because of the small number of sampling sites, it is unclear what factors influenced that variation. There was no obvious association of Ht intensity with habitat type. Tick and mite numbers varied among sites, but, although the site with the highest Ht intensity (H3) also had the highest average tick numbers, there were no consistent associations between Ht intensity and levels of infection by either ticks or mites, the two possible vectors. Because only a small number of hosts were infected (n520) across the five sites, it is possible these findings are an artifact of the small sample size.
Neither the prevalence nor the intensity of Ht varied among the sampling times in the temporal survey. Although it is possible that seasonal variation in Ht occurred outside of our sampling times, this temporal stability in infection is consistent with other studies of Hepatozoon (Salkeld and Schwarzkopf, 2005; Santos et al., 2005) and other haemogregarine bloodparasite infections in reptiles (Bromwich and Schall, 1986; Smallridge and Bull, 2000; Amo et al., 2004; Š iroky et al., 2004; Amo et al., 2005) . The temporal stability could be influenced by the long-lived nature of blood-parasite infections in reptiles, with some lizards remaining infected for 17 (Smallridge and Bull, 2001 ) to 18 mo (Salkeld and Schwarzkopf, 2005) . One tuatara in our study was infected in consecutive samples that were collected during an 18-mo period, suggesting the potential for a similar longevity in tuatara blood-parasite infections. However, we cannot eliminate the possibility of reinfection.
Although infection prevalence and intensity did not vary among sampling trips, the type of infection did. Laird (1950) considered intraleukocytic forms of Ht to be parasites phagocytized by leukocytes as part of an immune response in the vertebrate host. The activity of vertebrate immune systems varies seasonally (Martin (Zapata et al., 1992) , being less active at lower temperatures (Hildemann, 1962; Wright and Cooper, 1981) . This could explain the increase in the proportion of intraleukocytic parasites between September and November, as the temperature increases from a mean daily maximum of 12.2 C in September to 15.1 C in November during the austral spring (data from National Institute for Water and Atmospheric Research; NIWA). Similarly, the percentage of leukocytic infections declined from .50% in March (from the spatial survey) to none in May, as late summer moves toward winter and mean daily maximum temperature declines from 17.7 C (March) to 13.8 C (May; NIWA). Although little is known of the dynamics of infection types in other blood parasites, leukocytes typically increase in number in response to infection (Silveira et al., 2009 ), but that response can vary with season (Nelson and Demas, 1996) . A high level of intraleukocytic infection may represent a stage in the infection cycle where the host tuatara is clearing the parasite infection from its blood cells. Thus, the change in infection type with season may represent a more efficient immune response during warmer months.
Host size and Ht infection
Host size had a significant effect on blood-parasite infection patterns in both surveys. The negative relationship between tuatara size and Ht prevalence contrasts with most other studies of reptilian blood parasites, which report that smaller or younger individuals were less likely to be infected with blood parasites because cumulative exposure to sources of infection increases with host age (Hepatozoon: Salkeld and Schwarzkopf, 2005; Plasmodium: Schall and Marghoob, 1995; Staats and Schall, 1996; haemogregarines: Sorci, 1996; Amo et al., 2004; Brown et al., 2006) . However, the negative relationship between tuatara size and Ht intensity was consistent with numerous studies of reptilian blood parasites showing a decline in infection intensity of infected individuals with increased host size or age (Bromwich and Schall, 1986; Sol et al., 2003; Madsen et al., 2005; Brown et al., 2006) because younger individuals have had less opportunity to acquire immunity than older hosts (Hudson and Dobson, 1997; Sol et al., 2003) .
We suggest, for tuatara, that exposure to infection sources may be higher among smaller hosts and that older, larger hosts are more competent at clearing or reducing infections. Remains of tuatara ticks (the likely vector) have been reported in tuatara scats (Walls, 1981) , but ticks are small prey items for a large-bodied reptile that predominantly feeds on larger orthopterans and coleopterans (Walls, 1981) . Thus, ticks may be more often ingested by smaller hosts, which could explain the higher prevalence of infection in smaller individuals. It would also explain the positive effect of ticks on Ht prevalence among small, but not large, hosts. Small individuals with more ticks are more likely to be exposed to, and to ingest, an infective tick. Although tuatara have indeterminate growth, and size is not necessarily related to age (Nelson et al., 2002a) , smaller individuals are probably younger than larger individuals and may be sufficiently naïve to the blood parasite to permit higher infection intensities. This is supported by the higher frequency of Ht observed in leukocytes among larger hosts.
Alternatively, our findings of a lower prevalence and intensity of infection in larger individuals could arise if infections with high parasitemias caused mortality, so only individuals with lower parasitemias survived to reach a large size. Some studies have suggested this mechanism to explain patterns of parasite intensity with host age (Hudson and Dobson, 1997; Wilson et al., 2001 ). However, we consider this explanation unlikely because bloodparasite infections in reptiles are rarely lethal (Eisen, 2001; Brown et al., 2006) , and we found no association between blood-parasite infection and body condition. Furthermore, estimated annual survival rates of adult tuatara are relatively high (.95%; Nelson et al., 2002b) .
The aberrant result in the sample from September 2006, when we detected higher infection intensity in larger hosts (Fig. 5b) , might be explained by the high number of ticks in September (Godfrey et al., 2008) , when the effect of ticks on host fitness should be greatest (Godfrey et al., 2010b) . The increased energetic demand from a tick infection may compromise immunocompetence against blood-parasite infections.
Ticks, mites, and Ht infection
Our results provide new evidence that ticks, but not mites, are the invertebrate vectors of Ht. We found consistent patterns in which higher tick numbers were associated with higher Ht prevalence and intensity. When these trends are combined with evidence that tuatara ingest ticks (Walls, 1981) and that developmental stages of Ht can be found inside ticks that have engorged on infected hosts (Herbert et al., 2010) , the case becomes strong. Tuatara with more ticks are more likely to be exposed to, and to ingest, ticks that have been infected from a previous host, resulting in a higher prevalence of Ht infection among those hosts. Already infected hosts with more ticks might ingest their own infected ticks, leading to reinfection and higher overall infection intensity. We failed to detect any similar relationship between either the prevalence or the intensity of Ht infections and mite numbers. This suggests mites are not as important as vectors, either because the Hepatozoon cycle is not supported in mites or because tuatara are less likely to ingest mites.
Similar relationships between Hepatozoon infection intensity and ectoparasite numbers were found in New Zealand skinks (Oligosoma spp. and Hoplodactylus maculatus; Reardon and Norbury, 2004) . Some hosts may be more immunosuppressed and thus suffer higher intensities of both endoparasites and ectoparasites. Alternatively, high intensities with one parasite could increase the susceptibility and severity of infection with another (Rodriguez et al., 1999; Cox, 2001) . High tick numbers can reduce tuatara body condition (Godfrey et al., 2010b) , so it is possible that higher tick numbers could reduce host immunocompetence, leading to increased blood parasite infection intensity of tuatara. However, in this study, we found no relationship between blood-parasite infections and host body condition to suggest that blood-parasite infections were more likely in hosts with poorer condition. Similarly, interactions between host sex and size may reflect differences in immunocompetence among hosts. For example, the immune system of smaller hosts may be more variable and more strongly influenced by previous exposure, leading to more variable relationships between tick numbers and infection intensity in smaller hosts, compared with larger, and presumably older, hosts.
Summary and implications for conservation management
Although a limitation of our study was our limited ability to detect low infection intensities, our study provided some fundamental insights into the host-parasite associations of an extremely long-lived host. In contrast with studies of reptiles with shorter life spans (,10 yr) (Schall and Marghoob, 1995; Staats and Schall, 1996; Sorci, 1996; Amo et al., 2004; Salkeld and Schwarzkopf, 2005) , we showed that infection prevalence declined with body size of the tuatara and that larger and older hosts were more likely to have parasites enclosed within leukocytes. Although older hosts may provide a lowlevel reservoir for reinfection, it is likely that most of the host-parasite dynamics is concentrated on the younger cohorts of the host population.
Similar patterns of infection were observed in other long-lived reptiles: the sleepy lizard (Tiliqua rugosa), which may live up to 50 yr (Bull 1995) , and the water python (Liasis fuscus), which lives .15 yr (Madsen et al., 2005) . In both species, infection levels are lowest among larger (older) adults, either because resistance to infection increases with exposure to infection and age, or because only fit and resistant individuals survive to reach an old age (Smallridge and Bull, 2000; Madsen et al., 2005) . In extremely longlived hosts, like tuatara, this poses a potential problem for the parasite, which needs to survive in a host population where the pool of susceptible hosts does not have a rapid turnover. The extremely low infection intensities (,0.1% cells infected) may allow the parasite to avoid the host immune system, prolonging infections for longer than if hosts were infected at a higher intensity. The extremely low metabolic rate of the tuatara (Thompson and Daugherty, 1998 ) may also result in delayed immunologic responses to infection. Low virulence could be an important life-history strategy of parasites of long-lived hosts.
Our study also has important implications for the conservation management of tuatara, by improving our understanding of the underlying patterns of blood parasite infection of tuatara and the possible mechanisms generating these patterns. Because the prevalence and intensity of Ht is low, it is unlikely that Ht poses a current risk to the short-term conservation of tuatara populations on Stephens Island. Instead, this information can be used in the long-term conservation management of tuatara populations. In particular, understanding the factors that influence Ht can allow us to predict how Ht may respond to environmental changes or changes in host population structure. For example, the development of ticks is temperature-dependent (Oliver, 1989) ; thus, changes in climate could alter the development and transmission of ticks and consequently the blood parasites they vector. Similarly, the structure and overlap of tuatara territories influences host infestation with ticks and infection with Ht (Godfrey et al., 2010a) , so factors that influence host behavior may influence the transmission of both ticks, and blood parasites. In parallel with long-term monitoring, further research is required to understand the effects of blood parasites on tuatara, particularly on younger individuals, where effects on growth and survival might have consequences for the long-term recruitment of tuatara populations.
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